The effects of final pyrolysis temperature T end from 300 ºC to 550 ºC, heating rates β of 2 ºC/min, 3 ºC/min and 5 ºC/min, retention time RT from 45 min to 90 min, and the moisture content MC from 0 to 70% on characteristics of the pyrolysis char from sewage sludge were investigated using a tube furnace in this study. The resulting chars were characterized by sorption of nitrogen (surface area and pore volume). Their adsorption characteristics were evaluated via iodine value and methylene blue value. Either the pore structures or adsorption characteristics depend on the pyrolysis processing and moisture content of the sludge precursors. In terms of iodine value and surface area of the char, T end of 450 ºC, RT of 75 min and β of 3 ºC/min proved the optimum combination of pyrolysis parameters. The chars have an undeveloped mesopore and macropore structure and a developed micropore structure. The sodium phenoxide adsorption equilibrium data fit well with the Langmuir model of adsorption, suggesting monolayer coverage of sodium phenoxide molecules at the surface of the char. Its adsorption mechanism is mainly physical in nature, enhanced by chemisorption.
INTRODUCTION
Nearly 30 million tons of sewage sludge calculated as sludge with a moisture content (MC) of 80% are produced annually in China (Dai et al. ) . Sludge reutilization, reduction and reclamation have become an important issue for municipal administrations and scientific researchers.
Pyrolysis is the chemical decomposition of organic materials by heating in the absence of oxygen or any other reagents. The feedstock and processing influence pyrolysis production type and yield. Pyrolysis char accounts for a high proportion of pyrolysis products. Therefore, its reuse and disposal can be the limiting factor for advising the sludge pyrolysis process.
Surface area development of the pyrolysis char is closely related to pyrolysis parameters. Lu et al. () investigated the surface area development of sewage sludge during the pyrolytic process. The effects of temperature and retention time (RT) were found significant. The surface area of the resultant char increases with temperature and retention time. However, its surface area is reduced at 550-650 W C.
Reduction in mesopore volume due to sintering at high temperatures and prolonged retention times was also observed. Bagreev et al. () found a significant development of the porosity between 400 W C and 600 W C. Similar changes were observed for micropore volumes, which reached the maximum at 950 W C. The methylene blue (MB) value trend of sludge derived char confirmed the mesoand macropore structure trend, whereas its iodine value (I) trend was inconsistent with micropore structure trend (Shen et al. ) .
One of the methods to utilize sludges and their derived products is conversion into adsorbents (Bagreev & Bandosz ; Ansari & Bandosz ; Ros et al. ) . The preparation of activated carbons includes an activation step to improve their porosity and structural properties. Usually it is done by heat treatment; chemical treatment such as acid washing is sometimes applied. Sludge derived adsorbents were found competitive to activated carbons in such applications as removal of dyes (Martin et However, preparation of carbon-based adsorbents from sewage sludge pyrolysis char by chemical treatment can produce a high quantity of acid waste; heat treatment consumes large amounts of energy. The production cost of adsorbents from sewage sludge pyrolysis char, secondary pollution produced in the process and adsorbents disposal have become critical and challenging issues to hinder the application of pyrolysis char from sewage sludge.
Following the above described factors, the pore structure and adsorption characteristics of sewage sludge pyrolysis char were explored and optimized using a tube furnace in this study; the effects of pyrolysis parameters and sludge moisture content on pore structure and adsorption characteristics of the char were investigated, respectively. The adsorption mechanism of sodium phenoxide on the optimal char was discussed as well.
MATERIALS AND METHODS

Sewage sludge
The used sewage sludge with MC of approximately 85% was the surplus activated sludge from a wastewater treatment plant in Shanghai. It was belt filtered for dewatering without any anaerobic digestion pretreatment and therefore contained a large amount of organic matter. The wastewater treatment plant (WWTP) processes approximately 60,000 m 3 per day of mainly domestic sewage from a population of about 200,000. Currently A 2 O technology is used for pollutant removal in this plant, and the average sludge age is about 20 days. In order to make sure that the sludge samples are representative, performance results of the wastewater treatment plant were observed for 2 months. The sludge samples were collected when the influent water of the WWTP did not fluctuate much and the performance results of effluent concentration were satisfactory.
The sewage sludge was first dried in a constant temperature oven at 105 W C for a period of time until its weight remained unchanged and then crushed. Proximate analysis (national standard GB/T212-2008) based on wet mass is summarized in Table 1 . The high H/C ratio value indicates a high content of aliphatic hydrocarbon compounds in this sludge. The dry sewage sludge is characterized with high volatile matter (V m ), low fixed carbon (FC) and high heating value (HHV) of 15.8 ± 0.20 MJ/kg. The ash is mainly in the form of magnesium, iron, calcium, silica oxides and carbonates. The crushed biomass sample was sieved to 2.8-4 mm and 4-4.76 mm sized particles, respectively. These two different particle sized samples were used for slow pyrolysis.
Pyrolysis of sewage sludge
Pyrolysis of sewage sludge was performed in a horizontal tubular furnace under anoxic or anaerobic conditions, by varying T end , β, RT (the furnace chamber was heat-preserved for a specified time after reaching T end ) and MC of the feedstock. The effects of T end from 300 W C to 550 W C at the interval of 50 W C, heating rate β of 2 W C/min, 3 W C/min and 5 W C/min, RT from 45 min to 90 min at the interval of 15 min and MC from 0 to 70% at the interval of 10% on adsorption capacity and textual property of the char have been investigated. The horizontal tubular furnace pyrolysis reactor ( Figure 1 ) is made of stainless steel tube with a length of 1,000 mm and inner diameter of 80 mm. It is controlled by an electric heater and a control panel. The outside of the horizontal tubular furnace is insulated with the aluminum fiber brick 60 mm thick, which in turn is covered externally by steel 3 mm thick.
In each experiment, about 20 g of biomass (on a dry basis) was fed into one or two aluminum boats sized 150 × 40 × 40 mm 3 depending on MC of the fed sewage sludge. The boat(s) with the biomass were subsequently placed in the middle of the furnace reactor. The height of the sludge bed was 32-40 mm. An inert atmosphere in the furnace reactor was maintained by purging with N 2 at a flow rate of 100 mL/min for 15 min prior to pyrolysis process. A final purge of N 2 was performed just after the heating was terminated to establish an inert atmosphere in the furnace chamber. During the pyrolysis, the pressure in the furnace chamber was maintained at 0.2 MPa. The compression valve was opened to release pyrolysis gas from the chamber when the pressure inside the furnace reactor was over 0.4 MPa. The released pyrolysis gas subsequently passed through two gas-washing bottles with alkali and carbon filter and discharged directly into the open air. Residence time was set to zero minutes as soon as T end was reached, then the furnace reactor was heat-preserved at that temperature for the specific residence time. At the end of the reaction, the heater was switched off and reactor cooled naturally until the temperature in the furnace reactor reached the room temperature.
Apparatus and analytical methods
The elemental compositions (C, H, O and N) of sludge and the char were measured with an Elementar Americas Vario EL III analyzer (Mount Laurel). MC of the biomass (wet basis) was measured by an MS-100 infrared moisture tester (China). HHV of the biomass and char samples was measured by means of an instrument series JK-OBC-20 oxygen bomb calorimeter (China). Infrared transmission spectra were recorded for KBr disks containing the powder sample with a Fourier transform-infrared spectrometry (FT-IR) spectrometer (PerkinElmer Frontier). Iodine adsorption from liquid phase was adopted for the characterization of sludge-derived activated carbons. Iodine number is a measure of the micropore content of the porous carbon materials (up to 2 nm) by adsorption of iodine from solution. The iodine value was measured according to ASTM D-() ().
MB test was performed to assess the adsorption capacity of moderate size pollutant molecules by the pyrolysis char. The MB (C 20 H 19 ClN 4 ) removal was obtained from an adsorption test where 0.2 g of char was added to a 150 mL flask containing 50 mL of a MB solution with an initial concentration of 500 mg/L and shaken at 240 rpm for 1 h at room temperature (25 W C). The final MB concentration was determined using a UV-vis spectrophotometer by measuring the light absorbance at λ of 665 nm. The textual properties of the char were evaluated by nitrogen adsorption at 77 K using a JW-BK222 Micromeritics apparatus (China). The samples were previously outgassed for 2 h at 300 W C to an atmospheric pressure. The surface area of the samples was calculated from N 2 isotherms using the Brunauer-Emmett-Teller (BET) equation (S BET ) and density functional theory (DFT) method was used to calculate the micropore size distribution.
For each working condition, analytical experiments were run in triplicate and the average of three parallel values is reported in this paper.
RESULTS AND DISCUSSION
Effect of T end on the characteristics of the char
With reference to Figure 2 (a), we can see that the iodine value of the char reached its maximum 331.4 mg/g at T end of 450 W C, and further increase of temperature to 550 W C led to its decrease to 268.2 mg/g. The change in surface area and pore volume of the char is strongly coupled with the origin of its pores. During pyrolysis, the raw material particles would undergo dehydration, linkage breaking off reactions, the structural ordering process of the residual carbon and finally polymerization reaction during the carbonization process. Polymerization reaction would be deepened with temperature, the pore diameter would be lowered gradually and the micro-and mesopores would be developed, giving rise to the porosity development.
Merely a small portion of organics was cracked and volatilized at T end of 300 W C, the char still contained a significant amount of condensed volatiles obstructing the pores, its surface area and pore volume were relatively small. Between 300 W C and 500 W C, the increase in micropore surface area (S micro ) and S BET (Table 2 ) was attributed to release of volatiles, which favors the development of some new porosities. Over 500 W C, structural ordering, pore widening and/or the coalescence of neighboring pores seemed to predominate, leading to the decrease in the surface area values and thermal deactivation of the chars. Furthermore, as a result of the softening, melting, fusing and carbonization, pores in the chars might be partially blocked. This would prevent the access of the adsorption gas to the pores and lead to lower surface area. As a result, S micro and micropore volume (V micro ) decreased in some degrees, so did V, and iodine value decreased accordingly. The chars at a low temperature (300 W C) had a small surface area (1.71 m 2 /g). S BET of the chars first increased and then decreased with T end . This observation was similar to that reported in the literature for some materials (Sharma et al. ; Hu et al. ) . The change of S micro was similar to that of S BET (Table 2) . After 400 W C, more than 50% of S BET was the micropore area, which indicated the micropore was a dominant factor to influence the surface area of the chars. The increment of T end first increased the surface area of the chars, due to the opening of blocked pores and development and widening of micropores. Different results were observed at 550 W C, because the destruction of high porosity by external ablation of the chars was more pronounced than that in development and widening of micropores. MB removal is used to characterize adsorbent decolorization ability and V meso . Some carbons have a mesopore structure (2-5 nm) which adsorbs medium size molecules, such as the dye MB. The MB (Figure 2(b) ) is comparable to or even higher than those for various adsorbents prepared from different precursors (Rafatullah et al. ) .
MB reached its minimum of 12.3 mg/g at T end of 450 W C.
The microstructure was most developed in the char when T end was 500 W C (Table 2) . MB began to grow at T end of 450 W C because more micropores were developed; furthermore, some micropores converted into meso-or macropores. These two effects were partly neutralized, resulting in decrease of V meso. V meso increased again at 500 W C because more micropores converted into meso-or macropores. The chars have an undeveloped meso-and macropore structure (Figure 3 ). This finding correlates with the results of Shen et al. () . For the temperature and residence time ranges used in this study, the char from pyrolysis of digested sludge has a surface area of 10-30 m 2 /g (Figure 2 in Lu et al. () ). In this study, the surface area of the char reached a maximum of 15.27 m 2 /g (Table 3) , which is fairly close to the values obtained by Lu et al.
Effect of RT on the characteristics of the char
Iodine value increased from 331.4 mg/g at RT of 45 min to 375.6 mg/g at 60 min and 382 mg/g at 75 min successively, and then decreased again to 331.1 mg/g at 90 min when T end was maintained at 450 W C (Figure 4(a) ). Gradual release of the volatile components led to progressive increase in the surface area S BET of the char. With the further RT increase, more volatile components were released. Both the secondary gasification and condensation reactions intensified, a part of micropores was blocked, I decreased accordingly. In summary, 75 min was the optimal RT, when T end was 450 W C, then I of the char was 382 mg/g, S BET and V reached 15.27 m 2 /g and 19.63 mm 3 /g, respectively (Table 3) , and the weight loss was 35.47%, which significantly favored the final disposal by landfilling. I decreased at T end of 500 W C and 550 W C primarily because of sintering in the char and intensive secondary reactions. MB minimum gradually moved to the low temperature zone with RT: when RT was 45 min, the minimum was at 500 W C and 550 W C; when RT was 75 min, the minimum moved to 450 W C and 400 W C. Finally, when RT was 90 min, it moved to 400 W C (Figure 4(b) ). The secondary reactions intensified with RT and occurred at lower temperatures with the formation of solid products which temporally blocked a part of pores. Longer retention time compensated for lower temperature.
Effect of β on the characteristics of the char
Iodine value of the char decreased with β ( Figure 5(a) ); this phenomenon was apparent at higher β: iodine value decreased from 380.4 mg/g at 2 W C/min to 378.2 mg/g at 3 W C/min and 331.4 mg/g at 5 W C/min successively when T end was 450 W C. Sludge pyrolysis is an endothermic reaction; a certain amount of time is required for heat transfer due to poor heat conductivity of the sludge. The pyrolysis products on the outer layer did not have enough time to diffuse when β was higher; the organics inside lagged in evaporation, thus blocking the pore structure development and resulting in lower S BET and V (Table 4) , and lower iodine value accordingly. I first increased slightly with β, reached a maximum at 3 W C/min and then decreased at β of 5 W C/min. The increase of β shortened the time to elevated temperature and thereby improved the pyrolysis characteristics. However, sintering occurred in pyrolysis char. Lower β improved iodine value to an extent, but it would prolong reaction time and consequently increase energy consumption. In terms of the iodine value, 3 W C/min proved optimal under the experimental conditions. For all T end investigated, MB minimum occurred at β of 3 W C/min. For all β investigated, MB minimum occurred at T end of 450 W C (Figure 5(b) ). The reason was clarified in the preceding two sections.
Effect of sludge moisture content on the characteristics of the char Sludge moisture content had some effect on iodine value (Figure 6(a) ). The experimental results showed that iodine value decreased with MC. The iodine value of the char was nearly the same and slightly higher than that of the dry sludge derived char when MC was 10%-40%. This was because two changes might occur to the steam produced from the moisture in sludge on the initial stage: a part of steam transformed into water after condensation and entered the pyrolysis liquid while the other part engaged in the steam reforming reaction with the intermediate products, on the one hand (Equation (1)); on the other hand, it took part in the gasification reaction with coke (Equation (2) and Equation (3)), which favored the formation of hydrogen.
Further increase of MC led to a slight decrease of iodine value. This may be because moisture evaporation intensified with the increase of temperature, with the result that boiling occurred in the pyrolysis system. The boiling bubbles with sludge components adhering remained on the relatively 'cold' aluminum boat and could hardly react further, thereby affecting the cleavage and volatilization of organics and lowering the S BET and S micro of the char (Table 5 ). Furthermore, the sludge with high MC cemented up during pyrolysis and consequently affected heat and mass transfer, so the pyrolysis lagged. Outwardly, the char produced from the sludge with high MC was coarsely granular while the char from the sludge with low MC looked powdered, indicating the wet cementation characteristics of the sludge. For the sludge with MC of 70%, the water in sludge finished evaporation only when T end > 450 W C. The volatile components just started to release, resulting in increase of I. MB of the char first decreased with MC and reached its minimum at MC of 10%, and it nearly remained constant and lower than that of the dry sludge derived char when 10% < MC < 40% ( Figure 6(b) ). Further increase of MC to 50% led to a rise of MB; this was mainly due to increase of V meso (Table 5 ). For all investigated MC, MB minimum occurred at T end of 450 W C, except that the char obtained from the sludge with MC of 70% had a minimal MB at T end of 500 W C. The micropore structure of the sludge particle with MC 60% was well developed at T end of 450 W C while the sludge particle with MC of 70% began to decompose at T end > 450 W C.
I of the char was lower than 382 mg/g, MB lower than 16 mg/g. The sorption of the char to small molecules from solution was much better than its decolorization effect. Therefore, the char could be used to remove smallmolecular substances from wastewater; alternatively, it could be used to adsorb waste gas. In terms of iodine value and surface area of the char, T end of 450 W C, RT of 75 min and β of 3 W C/min is the optimal combination of process parameters.
Adsorption of sodium phenoxide by the optimal char
The chemical characteristics of the optimal char are summarized in Table 6 . Sodium phenoxide (C 6 H 5 ONa, M ¼ 116) was used to evaluate the adsorptive capacities of the char. For adsorption experiments, 0.5 g of the optimal char sample was ground and sieved to 0.5-1 mm sized particles, then mixed with 100 mL sodium phenoxide solution of a concentration 25-500 mg/L in a closed conical flask.
The flask containing suspension was then shaken for 4 h using a horizontal shaker operated at 200 rpm. Preliminary adsorption tests indicated that the holding time of 4 h is enough for the suspension to reach its equilibrium. After 4 h, the suspension was filtered and the remaining sodium phenoxide in the supernatant was analyzed using a UV-visible spectrophotometer Model 756S at λ of 270 nm. The adsorption isotherm of sodium phenoxide on the char sample is shown in Figure 7 . The equilibrium data were fitted with a Langmuir model. The Langmuir parameters obtained by fitting the model to sodium phenoxide adsorption capacities on the char are as follows: q m ¼ 50.18 mg/g char, K L ¼ 0.004 L/mg, R 2 ¼ 0.99. The high regression correlation R 2 suggests that the homogeneity model is favorable in the adsorption. Gibbs free energy change (ΔG 0 ) is calculated according to Equation (4):
where K ¼ 1,000 × K L × 116 ¼ 1,000 × 0.004 × 116 ¼ 464 L/mol; R is the gas constant (8.314 J/mol K) and T is the room temperature in Kelvin (298 K). ΔG 0 ¼ À8.314 × 298 × ln464 ¼ À15,212 J/mol ¼ À15.1 kJ/mol. Negative ΔG 0 value reveals the spontaneous nature of the adsorption. Generally, the ΔG 0 value for physical adsorption is in the range of À20 kJ/mol-0 (Yu et al. ) . In this study, ΔG 0 ¼ À15.1 kJ/mol, indicating that the adsorption is mainly physical in nature, enhanced by chemisorption. The functional groups present on the char surface are -OH, C-O-C, C-C and C¼C (Figure 8 ). -OH is related to acidity. 0.5 g char was soaked in 100 mL distilled water in a closed flask and shaken at 200 rpm for 4 h; pH of the suspension was 6, which means the char is slightly acidic. This is in agreement with the conclusion drawn by Jindarom et al. () .
Sodium phenoxide solution is alkaline; therefore, the adsorption may also be related to the chemical reaction between hydroxyl ion from the solution and protonated functional groups on the char surface. The ash content in the char is up to 57%; the adsorption of metal cation on the sewage sludge ash may be another possible mechanism.
The used char is close to the optimal char in chemical characteristics ( Table 6 ). Both of them are characterized with middle to high V m and HHV, so it is possible for them to be regenerated and reused by pyrolysis. Research work is being conducted to assess the reuse times of the char before it is disposed by landfilling. 
